Newly synthesized mRNAs are exported from the nucleus to cytoplasm with a 5 -cap structure bound by the nuclear cap-binding complex (CBC). During or after export, the CBC should be properly replaced by cytoplasmic cap-binding protein eIF4E for efficient protein synthesis. Nonetheless, little is known about how the replacement takes place. Here, we show that double-stranded RNA-binding protein staufen1 (STAU1) promotes efficient replacement by facilitating an association between the CBC-importin ␣ complex and importin ␤. Our transcriptome-wide analyses and artificial tethering experiments also reveal that the replacement occurs more efficiently when an mRNA associates with STAU1. This event is inhibited by a key nonsense-mediated mRNA decay factor, UPF1, which directly interacts with STAU1. Furthermore, we find that cellular apoptosis that is induced by ionizing radiation is accompanied by inhibition of the replacement via increased association between STAU1 and hyperphosphorylated UPF1. Altogether, our data highlight the functional importance of STAU1 and UPF1 in the course of the replacement of the CBC by eIF4E, adding a previously unappreciated layer of post-transcriptional gene regulation.
INTRODUCTION
In mammalian cells, newly synthesized transcripts by RNA polymerase II (Pol II) undergo various processing steps prior to their export from the nucleus to cytoplasm for polypeptide synthesis (1) . The earliest modification is the addition of a cap structure at the 5 end, which occurs cotranscriptionally while nascent transcripts are being elongated by Pol II. The 5 -cap structure is recognized by the nuclear cap-binding complex (CBC), a heterodimer of capbinding protein (CBP) 80 and 20 (2, 3) . The CBC is involved in a wide spectrum of gene expression-regulatory pathways including transcription, pre-mRNA splicing, mRNA stability and the pioneer (or first) round of translation (pioneer translation) (2, 4, 5) .
The fully processed mature mRNAs in the nucleus are exported to the cytoplasm with the 5 cap bound to the CBC. During or after mRNA export, the CBC is replaced by a cytoplasmic cap-binding protein (eukaryotic translation initiation factor 4E, eIF4E). Both the CBC and eIF4E have a common ability to drive translation initiation by recruiting ribosomes (6) (7) (8) . Nevertheless, it is generally believed that the pioneer translation driven by the CBC is largely in charge of mRNA surveillance rather than abundant synthesis of polypeptides. When newly synthesized mRNAs contain premature translation termination codons, these aberrant mRNAs are rapidly degraded by the nonsensemediated mRNA decay (NMD) pathway mostly during pioneer translation (9) (10) (11) (12) . Otherwise, eIF4E replaces the CBC and allows for multiple rounds of mRNA translation (steady-state translation) to support abundant synthesis of the polypeptide.
Despite the common ability of the CBC and eIF4E to drive translation initiation, CBC-bound messenger ribonucleoproteins (mRNPs) are quite different from eIF4Ebound mRNPs with respect to their composition. For instance, exon junction complexes (EJCs), which are deposited onto mRNAs in the nucleus as a consequence of splicing, are detectable in CBC-bound mRNPs but not in eIF4E-bound mRNPs (6, 13) . The EJCs in CBC-bound mRNAs are displaced from the mRNAs by an elongating ribosome during pioneer translation (6, 13, 14) .
During pioneer translation, the selective removal of aberrant mRNAs by NMD requires a key NMD factor, UPF1 (11, 12) . UPF1 is recruited to a terminating ribosome on a premature translation termination codon and induces rapid mRNA degradation. During this process, an interaction between CBP80 and UPF1 promotes NMD complex formation (15, 16) . In addition to the aforementioned UPF1 recruitment to mRNA during translation termination, UPF1 promiscuously binds to mRNAs even before translation according to a recent transcriptome-wide analysis (17) and even associates with nascent RNAs around transcription sites in the nucleus (18) . The molecular function of the UPF1 preassociated with mRNA is currently unknown.
In addition to NMD, UPF1 can induce other types of mRNA decay pathways such as staufen (STAU)mediated mRNA decay (SMD) (12, 19, 20) . When the double-stranded RNA-binding protein STAU binds to the 3 untranslated region (3 UTR) of an SMD substrate, STAU triggers SMD by recruiting UPF1 in a translationdependent manner (19, 21) . Mammalian cells express two STAU paralogs: ubiquitously expressed STAU1 and tissuespecifically expressed STAU2. Besides SMD, STAUs perform multiple functions in post-transcriptional regulatory processes including alternative splicing, translation and spatial targeting of mRNA (22, 23) .
Although the replacement of the CBC by eIF4E is one of the pivotal steps for gene expression, little is known about the molecular details of this event. Here, we provide molecular evidence that STAU1 and UPF1 act as a positive and a negative cellular regulator, respectively, for the replacement of the CBC by eIF4E. We also show that under stressful conditions induced by ionizing radiation (IR), UPF1 is hyperphosphorylated and attenuates the ability of STAU1 to promote this replacement. Furthermore, the level of UPF1 phosphorylation correlates with the efficiency of cellular apoptosis. Thus, our results reveal previously unappreciated roles of STAU1 and UPF1 in the replacement of the CBC by eIF4E, thereby highlighting the biological importance of proper replacement.
MATERIALS AND METHODS

Plasmid construction
The following constructs have been described in previous studies: No intron and 5 intron (24); SL-No intron and SL-5 intron (25) ; No intron-MS2bs (originally named as 'RLuc-8bs'), pMS2-HA-MBP and pHA-MBP (26); pMS2-HA and pcDNA3-human STAU1 55 -HA 3 (19) ; pCMV-Myc-UPF1 R and pCMV-Myc-UPF1 R -HP (27); pCMV-Myc-UPF1 R -4SA (28); pRL-CMV-5 -5BoxB, pCI-FLuc, pN-HA and pN-HA-GFP (29); pcDNA3-FLAG-UPF1 R (30); pcDNA3.1-HA and pCMV-Myc-STAU1 (31); pCI-neo-STAU1(A375E/R376A/L472S/S473E)-FLAG (32); pcDNA3-FLAG and pcDNA3-FLAG-CBP80 (7); pEGFP-C2 and pCMV-Myc (Clontech); and pGL3control (Promega). pCMV3-IMP␤-FLAG encoding full-length human IMPβ1 cDNA (GenBank accession No. NM 001276453.1) with the FLAG tag at the C terminus was purchased from Sino Biological Inc. (Beijing, China).
To construct pcDNA3.1-CBP80-HA, a DNA fragment containing human CBP80 cDNA was amplified by polymerase chain reaction (PCR) using pcDNA3-FLAG-CBP80 as a template and two specific oligonucleotides: 5 -CTAGCTAGCGCCACCATGTCGCGGCGGCGGC ACAGCGACGAGA-3 (sense) and 5 -CCGCTCGAGCG GCCTGCAGGGCACAGAACTGCTGGAACA-3 (antisense), where the underlined nucleotides specify the NheI and XhoI sites, respectively. The PCR-amplified fragment was ligated to linearized pcDNA3.1-HA digested with NheI and XhoI.
To construct pcDNA3-FLAG-GFP, GFP cDNA was amplified by PCR with pEGFP-C2 as a template and two specific oligonucleotides: 5 -CGGGATCCGCTCGAGA TGGTGAGCAAGGGCGAGGAGCTGTTC-3 (sense) and 5 -CCCAAGCTTGCGGCCGCCTACTTGTACAG CTCGTCCATGCCGAGAGTG-3 (antisense), where the underlined sequences denote BamHI and HindIII, respectively. The PCR-amplified fragment was ligated to linearized pcDNA3-FLAG digested with BamHI and HindIII.
To generate pN-HA-STAU1-wild type (WT), a SalI/Klenow-filled NotI fragment of pCMV-Myc-STAU1 was ligated to a XhoI/Klenow-filled NotI fragment of pN-HA.
To construct pN-HA-STAU1-Mut encoding the STAU1 mutant that fails to interact with UPF1, a XbaI/NotI fragment of pN-HA was ligated to two DNA fragments: First, the 5 fragment was obtained from pN-HA-STAU1-WT, which was digested with XbaI and EcoRI. Second, the 3 fragment was amplified by PCR using pCI-neo-STAU1(A375E/R376A/L472S/S473E)-FLAG as a template and two specific oligonucleotides: CCTGCTGGAATTCTTCCCATGGTG-3 (sense) and AAAGCGGCCGCTTAGCACCTCCCACACACAGAC ATTGG-3 (antisense), where the underlined sequences specify EcoRI and NotI sites, respectively.
For construction of pN-HA-UPF1 R , a XhoI/Klenowfilled Acc65I fragment of pMS2-HA-UPF1 R and an Acc65I/NotI fragment of pCMV-Myc-UPF1 R were ligated to an EcoRI/Klenow-filled NotI fragment of pN-HA.
For the construction of SL-No intron-MS2bs, a fragment of the strong stem-loop (SL) structure obtained from a HindIII-digested SL-No intron was ligated to a HindIII fragment of No intron-MS2bs.
All PCRs in our study were carried out using the Advantage-HF2 PCR Kit (Clontech). All the constructs were verified by DNA sequencing.
Cell culture and transfection
HeLa and HEK293T cells were maintained in Dulbecco's modified Eagle's medium (Capricorn Scientific) supplemented with 10% (v/v) of fetal bovine serum (Capricorn Scientific) and 1% (v/v) of a penicillin/streptomycin solution (Capricorn Scientific). The cells were transiently transfected as previously described (28, (33) (34) (35) . Briefly, for immunoprecipitation (IP) and RNA-IP experiments on HEK293T cells, the calcium phosphate method was employed for DNA transfection. Otherwise, Lipofectamine 2000 (Life Technologies) was utilized for transfection of a reporter plasmid. For small interfering RNA (siRNA) transfection, 100 M in vitro-synthesized siRNAs (GenePharma) were introduced into cells by means of either Oligofectamine (Life Technologies) or Lipofectamine 3000 (Life Technologies).
Nucleic Acids Research, 2019, Vol. 47, No. 17 9315 The following siRNA sequences were used for specific downregulation of endogenous proteins: 5 -r(GAUG CAGUUCCGCUCCAUU)d(TT)-3 (UPF1 siRNA), 5 -r(GGCUUUUGUCCCAGCCAUC)d(TT)-3 (UPF2 siRNA), 5 -r(CAGAGAGGCUGGAGGUGAA)d(TT)-3 (STAU1 siRNA), 5 -r(CGAGCAAUCAAGCAGA UCA)d(TT)-3 (eIF4A3 siRNA), 5 -r(UCCAGCCU UCAACAGAGCG)d(TT)-3 (Y14 siRNA), and 5r(ACAAUCCUGAUCAGAAACC)d(TT)-3 (a nonspecific control siRNA).
For exposure to ionizing radiation (IR), 2 days after transfection, the cultured cells were ␥ -irradiated with a 137 Cs source (10 Gy; IBL-437C, CIS bio International) and then were subjected to RNA-IP, a surface sensing of translation (SUnSET) assay or the terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay.
Immunoprecipitation, the MBP pull-down assay and nuclear and cytoplasmic fractionation
IP and RNA-IP were performed on HEK293T cells as previously described (28, (33) (34) (35) . MBP pull-down assays were conducted as described elsewhere (25) . In case of RNA-IP, equal amounts of in vitro-synthesized firefly luciferase (FLuc) RNAs were added to the samples (after IP) as a spike-in (10 pg per sample). The samples either before or after IP were subjected to Western blotting or quantitative reverse-transcription PCR (qRT-PCR). For IPs in the cytoplasmic fraction, the nuclear fraction and cytoplasmic fraction were separated, as described previously (6) .
Western blotting
Antibodies against the following proteins were used for IPs and Western blots: CBP80 (36), eIF4E (610269, BD Bioscience; 2067, Cell Signaling Technology), UPF1 (a gift from Lynne E. Maquat), phospho-(S/T)Q (2851, Cell Signaling Technology), UPF2 (36), STAU1 (A303-956A, Bethyl Laboratories), IMP␣ (A300-484A, Bethyl Laboratories), PABPN1 (A303-524A, Bethyl Laboratories), eIF4A3 [sc-365549, Santa Cruz Biotechnology; (36) ], Y14 (MAB2484, Abnova), p53 (2524, Cell Signaling Technology), phospho-Ser15-p53 (9284, Cell Signaling Technology), U1 snRNP70 (sc-390899, Santa Cruz Biotechnology), FLAG (A8592, MilliporeSigma), HA (11 867 431 001, Roche), Myc (OP10L, Calbiochem), ␤-actin (A5441, Milli-poreSigma), and GAPDH (LF-PA0212, Ab Frontier). For IP of endogenous eIF4E, we employed an in-house anti-eIF4E antibody, which was raised in rabbits against a human eIF4E-specific peptide (MATVEPETTPTPNPPTTE EEKTESNQEVANPEHYIKH).
Signal intensities of Western blot bands were quantitated in the Image J software (version 1.5, National Institutes of Health).
A SUnSET assay
This assay was performed as described previously (37) . Briefly, HeLa cells were pulsed with 10 g/ml puromycin (MilliporeSigma) for 30 min before harvesting. The cytoplasmic extracts were resolved by SDS-PAGE, transferred to a nitrocellulose membrane, and subjected to Western blotting using an anti-puromycin antibody (MABE343, MilliporeSigma). The band intensities in Western blots were normalized to those obtained by Ponceau S (Millipore-Sigma) staining before the Western blotting.
Quantitative real-time PCR (qRT-PCR) analysis
Total-RNA samples were isolated using the TRIzol Reagent (Life Technologies). Complementary DNAs (cDNAs) were prepared as previously described (28, (33) (34) (35) . qRT-PCR analysis was conducted with gene-specific oligonucleotides ( Supplementary Table S1 ) and the Light Cycler 480 SYBR Green I Master Mix (Roche) on a Light Cycler 480 II machine (Roche). The qRT-PCR analysis was performed according to the MIQE guideline (38) .
A dual luciferase assay
Renilla luciferase (RLuc) and FLuc activities were measured by means of the Dual Luciferase Assay Kit (Promega).
An in vitro replacement assay
For preparation of a FLAG-tagged fusion protein, either FLAG-GFP or IMP␤-FLAG, HEK293T cells were transiently transfected with a plasmid expressing either FLAG-GFP or IMP␤-FLAG. Two days later, the FLAG-tagged fusion protein was immunopurified using anti-FLAG antibody-conjugated agarose beads (MilliporeSigma) and eluted with 3×FLAG peptides (MilliporeSigma) as described elsewhere (25) .
For preparation of CBC-bound mRNPs, HEK293T cells were transfected with either STAU1 siRNA or nonspecific control siRNA. One day later, the cells were transfected with a plasmid expressing SL-5 intron mRNA. Two days later, the cells were harvested and subjected to RNA-IP with either nonspecific rabbit IgG (rIgG) or an anti-CBP80 antibody incubated with protein A Dynabeads (Invitrogen) for 3 h at 4 • C. After incubation, the beads were washed five times with NET-2 buffer [50 mM Tris (pH 7.4), 150 mM NaCl, 1 mM phenylmethylsulfonyl fluoride, 2 mM benzamidine hydrochloride and 0.05% NP-40] containing 100 U/ml RNase inhibitor (Thermo Fisher Scientific). After that, the bead-bound RNAs and proteins were resuspended in NET-2 buffer and mixed with the eluted FLAG-tagged fusion protein (either FLAG-GFP or IMP␤-FLAG) for 15 min at 37 • C. After centrifugation, the bead-bound RNAs were mixed with spike-in FLuc RNA and were analyzed further.
The TUNEL assay
This assay was conducted with the in situ cell death detection kit (12156792910, Roche) as described previously (33) . In brief, HeLa cells transiently overexpressing N-HA-GFP, N-HA-STAU1-WT or N-HA-STAU1-Mut were either not treated or exposed to IR (10 Gy). Twelve hours after IR exposure, the cells were fixed in phosphate-buffered saline (PBS) containing 4% paraformaldehyde for 30 min at room temperature (RT). To block endogenous peroxidase activity, the cells were incubated in PBS containing 3% of hydrogen peroxide (MilliporeSigma) for 10 min at RT. The cells were permeabilized with 0.1% Triton X-100 in PBS for 10 min at RT. Then, single-and double-stranded DNA breaks, a hallmark of the early stages of apoptosis, were labeled with tetramethylrhodamine red for 1 h at 37 • C. Nuclei were stained with 4 ,6-diamidino-2-phenylindole (DAPI; Biotium) for 5 min at RT. The stained cells were visualized by means of a confocal microscope (LSM 700 or 800, Carl Zeiss). For the quantification of apoptotic cells, more than 100 cells were analyzed for each experiment. The results obtained from three independently performed transfection experiments and TUNEL assays were quantified and analyzed.
QuantSeq 3 -mRNA sequencing
Coimmunoprecipitated transcripts in the IPs of CBP80 or of eIF4E (from the cytoplasmic extracts of HeLa cells) were isolated using the TRIzol Reagent. RNA quality was assessed on an Agilent 2100 bioanalyzer with the RNA 6000 Nano Chip (Agilent Technologies), and RNA quantification was conducted on an ND-2000 Spectrophotometer (Thermo Scientific). Library construction was performed using the QuantSeq 3 mRNA-Seq Library Prep Kit (Lexogen). Briefly, reverse transcription was carried out using an oligo-dT primer containing an Illumina-compatible sequence at its 5 end. After removal of the RNA template, the second strand was synthesized via a random primer containing an Illumina-compatible linker sequence at its 5 end. The double-stranded library was purified on magnetic beads and then amplified to add the complete adapter sequences required for cluster generation. The amplified library was purified and subjected to high-throughput sequencing as single-end (1 × 75 bp) reads on NextSeq 500 (Illumina).
Data analysis
QuantSeq 3 mRNA-Seq reads were aligned to a reference human genome (hg19) in Bowtie2 (39) . For the alignment to the genome and transcriptome, Bowtie2 indexes were generated either from the genome assembly sequence or from representative transcript sequences. Differentially expressed genes were analyzed on the basis of the counts obtained from unique and multiple alignments by means of the coverage in Bedtools (40) .
Cumulative distribution function analysis was performed by comparing the relative ratios of mRNAs enriched in the IPs of CBP80 and eIF4E. To examine STAU1 dependence, mRNAs were categorized into two groups (nontargets and STAU1 targets), based on the previously published microarray data for mRNAs enriched in the IP of STAU1 (GSE8438) (41) .
Statistical analysis
Throughout the paper, quantitative data are shown as the means ± SD from at least three independently conducted experiments. Statistical analyses were performed by twotailed, equal-variance Student's t-test. In all cases, statistical significance was presumed at a P-value < 0.05. For cumulative distribution analysis, the P-value was calculated by the two-tailed Mann-Whitney U-test.
RESULTS
A translation event and EJCs are dispensable for efficient replacement of the CBC by eIF4E
As the first step toward elucidation of the molecular basis for CBC replacement by eIF4E, we tested whether this replacement is dependent on translation and/or EJCs. To this end, we employed three reporter plasmids ( Figure 1A) : (i) 'No intron,' which encodes an intronless RLuc gene with exons 6 and 7 from the human triose phosphate isomerase (TPI) gene at both ends, (ii) an inefficiently translated reporter mRNAs lacking an intron, 'SL-No intron,' which contains an SL structure ( G = −87.8 kcal/mol) in the middle of the 5 UTR of the No intron reporter and (iii) an inefficiently translated reporter mRNAs harboring an intron, 'SL-5 intron,' which contains both the SL in the 5 UTR and TPI intron 6 between exons 6 and 7 of TPI upstream of the RLuc gene. The last two reporter plasmids were expected to express identical mRNAs with respect to nucleotide sequences. Although SL-No intron mRNA should lack an EJC, SL-5 intron mRNA is likely to have one EJC as a consequence of splicing of the TPI intron. Additionally, studies have shown that the presence of an SL in the 5 UTR blocks ribosome scanning through the 5 UTR, resulting in drastic inhibition of translation (25, 29, 35) . As expected, relative translation efficiency of the reporter RLuc mRNA was strongly reduced by the presence of the SL in the 5 UTR (Supplementary Figure S1A ). In addition, consistently with previous reports showing that EJCs are displaced from an mRNA by an elongating ribosome (6, 13, 14) , we observed that the presence of an SL in the 5 UTR increased the amount of mRNA-bound EJCs (Supplementary Figure S1B-H).
Next, we carried out IP experiments using either the anti-CBP80 or anti-eIF4E antibody in the cytoplasmic extracts of cells expressing one of the reporter mRNAs. It is possible that a difference in the export efficiency of reporter mRNAs may indirectly affect replacement efficiency. To minimize the indirect effect, therefore, we carried out IP experiments in the cytoplasmic extracts. Proper nuclear and cytoplasmic separation was confirmed by monitoring the distribution of cellular U1 snRNP70 and GAPDH, a nuclear protein and cytoplasmic protein, respectively (Supplementary Figure S1I ). In addition, it was confirmed by qRT-PCRs that the amounts of input reporter mRNAs were comparable (Supplementary Figure S1J ). Furthermore, we observed that CBP80, but not eIF4E, was detectably enriched in the IP of CBP80 and vice versa ( Figure 1B) , indicating specificity of the IPs under our conditions and a lack of eIF4E in CBP80-associated mRNPs and vice versa. After IPs, in vitro-synthesized FLuc RNA was added to the immunoprecipitated samples as a spike-in control to adjust the data for differences among RNA preparations. Then, the relative amounts of coimmunoprecipitated (co-IPed) reporter mRNAs were measured by qRT-PCRs.
The IP results revealed that, in line with some studies showing preferential enrichment of replication-dependent histone mRNAs and U1 small nuclear RNA (snRNA) in the IP of cytoplasmic CBP80 (42, 43) , a greater amount of those mRNAs turned out to be enriched in the IP of CBP80 relative to the IP of eIF4E ( Figure 1C and D). In the same IPs, comparable amounts of all the tested reporter mRNAs were found to be enriched in the IPs of either CBP80 or eIF4E ( Figure 1E ). Furthermore, the relative levels of co-IPed reporter mRNAs in the IP of eIF4E normalized to those in the IP of CBP80 (hereafter, this value is referred to as the replacement index) were not significantly different among the tested reporter mRNAs ( Figure 1F ). Therefore, all the data indicate that the replacement of the CBC by eIF4E at the cap of canonical poly(A)-containing mR-NAs is not dependent on translation and occurs independently of the presence of introns (that is, EJCs). In support of these conclusions, the relative levels of co-IPed SL-5 intron mRNA and the replacement index were not significantly affected when the cells were depleted of an EJC component (eIF4A3 or Y14; Supplementary Figure S2 ). The translation-independent replacement of the CBC by eIF4E was further demonstrated by RNA pull-down experiments involving maltose-binding protein (MBP) followed by Western blotting (Supplementary Figure S3 ).
UPF1 inhibits the replacement of the CBC by eIF4E
What cellular factor(s) participates in the replacement of the CBC by eIF4E? Given that (i) UPF1 promiscuously associates with mRNAs even before translation (17, 18) and (ii) UPF1 preferentially binds to the CBC of newly synthesized mRNAs (15, 16) , we first tested whether the replacement involves UPF1. To this end, we carried out IPs of CBP80 or eIF4E in the cytoplasmic extracts of the cells that transiently expressed SL-5 intron mRNAs and were either undepleted or depleted of UPF1. Because the CBC replacement by eIF4E is independent of a translation event (Figure 1) , we used the SL-5 intron mRNA hereafter throughout the experiments to exclude a possible indirect effect of translation on the replacement.
Comparable IPs of CBP80 and eIF4E, specific downregulation of endogenous UPF1 by siRNA, proper nuclear and cytoplasmic separation, and comparable expression of the reporter mRNAs were all confirmed by Western blotting (Supplementary Figure S4A-D) . The IP results revealed that UPF1 downregulation decreased and increased the relative amounts of SL-5 intron mRNAs in the IP of CBP80 and eIF4E, respectively (Figure 2A and B) , and increased the replacement index 3.5-fold ( Figure 2C ), meaning that UPF1 functions as a negative regulator of the replacement.
STAU1 serves as a positive regulator of the replacement of the CBC by eIF4E
We next determined whether the UPF1-mediated inhibition of the replacement is affected by previously known UPF1-interacting proteins (UPF2 and STAU1). In agreement with the EJC-independent replacement of the CBC by eIF4E (Figure 1 and Supplementary Figure S2 ), downregulation of UPF2 (a peripheral EJC component) did not significantly affect the relative levels of co-IPed SL-5 intron mRNA and the replacement index (Supplementary Figure  S4E -J). In contrast, the downregulation of STAU1 yielded the results opposite to those obtained after UPF1 downregulation (Figure 2A-C) , indicating that STAU1 promotes the replacement of the CBC by eIF4E.
To assess the transcriptome-wide influence of STAU1 on the replacement, we applied QuantSeq 3 -mRNA sequencing (QuantSeq) to co-IPed RNAs obtained from IPs of CBP80 or eIF4E in the cytoplasmic extracts of HeLa cells either undepleted or depleted of STAU1. Pearson correlation coefficients between reads per million reads (RPM) values were above 0.845 ( Supplementary Table S2 ), pointing to a strong correlation between the two biological replicates of each IP. A scatter plot of QuantSeq data showed that the majority of cellular mRNAs co-IPed at comparable ratios with CBP80 relative to eIF4E in the cells either undepleted (Supplementary Figure S4K) or depleted (Supplementary Figure S4L ) of STAU1. Next, we compared the relative change in the replacement index between two groups of mRNAs after STAU1 downregulation: nontargets and STAU1 targets. The lists of mRNAs either associated (STAU1 targets, 573 mRNAs) or not associated (non-targets, 8949 mRNAs) with STAU1 were obtained from previously performed RNA-IP followed by microarray analysis of STAU1 (41) . The cumulative distribution function analysis showed that the replacement index of STAU1 targets significantly decreased when the cells were depleted of STAU1 ( Figure 2D , P = 1.2 × 10 −4 , two-tailed Mann-Whitney U-test), indicating that STAU1 acts as a positive regulator of the replacement of the CBC by eIF4E at the transcriptome-wide level. The calculated replacement indices of each mRNA are summarized in Supplementary  Table S3 .
UPF1 downregulation promotes an association between STAU1 and IMP␣-CBC-capped mRNA
As shown in an X-ray crystallographic study (44) , the capped mRNA-bound CBC is complexed with importin ␣ (IMP␣). In the cytosol, IMP␤ binds to the IMP␣-CBCcapped mRNA complex and triggers the release of capped mRNA through GTP hydrolysis. The released capped mRNA associates with eIF4E. The remaining IMP␤-IMP␣-CBC complex enters the nucleus and is separated into IMP␤ and the IMP␣-CBC complex by the action of GTP-bound Ran. Then, the IMP␣-CBC complex binds to the cap of newly synthesized RNAs, again forming the IMP␣-CBC-capped mRNA complex. Of note, it is known that the IMP␤-mediated replacement of the CBC by eIF4E occurs in a translation-independent manner (43) .
Which steps of the CBC cycle are targeted by UPF1 and STAU1? Our IP data showed that comparable amounts of endogenous IMP␣ were enriched in the IPs of CBP80-HA in a manner that was resistant to digestion with RNase A and independent of either UPF1 or STAU1 downregulation ( Figure 3A) . On the contrary, a greater amount of endogenous STAU1 co-IPed with CBP80-HA after downregulation of UPF1 in an RNase A-resistant manner ( Figure  3B ). We also observed that ∼2-fold more CBP80 and IMP␣ were enriched in the IP of the C-terminally HA-tagged STAU1 55 , which is the most abundant form of STAU1 (22) , in an RNase A-resistant manner after UPF1 downregulation ( Figure 3B ). All these data indicate that (i) the interaction between the CBC and IMP␣ is not affected by UPF1 and STAU1 and (ii) UPF1 downregulation promotes the binding of STAU1 to the IMP␣-CBC-capped mRNA complex.
STAU1 facilitates efficient recruitment of IMP␤ to IMP␣-CBC-capped mRNA, thus, triggering dissociation of capped mRNA
Because an interaction between the CBC and IMP␣ is not affected by STAU1 ( Figure 3A) , we hypothesized that STAU1 has an influence on an interaction of IMP␤ with the IMP␣-CBC-capped mRNA complex for CBC replacement by eIF4E. Indeed, STAU1 downregulation reduced the levels of co-IPed CBP80 and IMP␣ in the IP of IMP␤-FLAG ( Figure 4A ), indicating that STAU1 facilitates the association between IMP␤ and the IMP␣-CBC-capped mRNA complex.
To further corroborate the above findings, we established an in vitro replacement assay system ( Figure 4B ). Either overexpressed IMP␤-FLAG or, as a control, FLAG-tagged green fluorescent protein (FLAG-GFP) in HEK293T cells was immunopurified by IPs using anti-FLAG antibodyconjugated agarose beads followed by elution using FLAG peptides. In parallel, CBC-associated RLuc mRNPs were immunopurified by IPs with the anti-CBP80 antibody in the extracts of cells that expressed SL-5 intron mRNAs and were either undepleted or depleted of endogenous STAU1. Specific immunopurification and downregulation were confirmed by Western blotting (Supplementary Figure S5) . Then, in vitro replacement assays were performed by mixing either immunopurified FLAG-GFP or IMP␤-FLAG with the agarose beads bound to immunopurified CBCassociated mRNPs. After the reaction, the remaining RLuc mRNA on the agarose beads was quantitated by qRT-PCRs.
The results showed that the addition of immunopurified IMP␤-FLAG reduced by 56% of the amount of agarose bead-bound RLuc mRNA immunopurified from undepleted cells ( Figure 4C ), thus pointing to efficient dissociation of mRNA from the IMP␣-CBC-capped mRNA complex by IMP␤ in our system. In contrast, the amount of agarose bead-bound RLuc mRNA immunopurified from STAU1-depleted cells was not significantly changed by the addition of immunopurified IMP␤-FLAG, compared to immunopurified FLAG-GFP ( Figure 4D ). Collectively, these data indicate that STAU1 facilitates the recruitment of IMP␤, consequently, leading to efficient dissociation of capped mRNA from the IMP␣-CBC-capped mRNA complex by IMP␤.
Artificial tethering of STAU1 or UPF1, respectively, promotes or inhibits the replacement of the CBC by eIF4E
To validate the functions of STAU1 and UPF1 in the replacement, we employed an artificial tethering system: the bacteriophage N-5BoxB system. The reporter RLuc-5 -5BoxB mRNA contained five tandem repeats of a BoxB sequence (5BoxB), which is a specific cis-acting element for the binding of the bacteriophage N protein, in the 5 UTR of the intronless RLuc gene ( Figure 5A ). The FLuc mRNA lacking 5BoxB served as a control to adjust the data for variations of transfection and RNA preparation. The replacement efficiency was determined by comparing the relative levels of co-IPed RLuc reporter mRNAs normalized to the levels of co-IPed FLuc mRNAs in the IPs of either CBP80 or eIF4E in the cytoplasmic extracts of cells transiently expressing one of effector proteins: N-HA-GFP, N-HA-UPF1 or N-HA-STAU1 ( Figure 5B-D) . Reliable separation of nuclear and cytoplasmic fractions, comparable expression levels of effector proteins, and specific IPs of CBP80 or eIF4E were confirmed by Western blotting (Supplementary Figure S6A-C) .
The results showed that, although the abundance of RLuc reporter mRNAs before IPs was not significantly affected by effector protein expression ( Figure 5B ), the amounts of co-IPed RLuc reporter mRNAs in the CBP80 IP increased 1.5-fold or decreased by 23% when N-HA-UPF1 or N-HA-STAU1 was tethered, respectively ( Figure  5C, compare lanes 3 and 5) . In contrast, the level of co-IPed RLuc reporter mRNAs in the IP of eIF4E significantly decreased (by 47%) or increased 3.1-fold when N-HA-UPF1 or N-HA-STAU1 was tethered, respectively ( Figure 5C,  compare lanes 4 and 6) . U1 snRNA, which is known to exclusively associate with the CBC (45), preferentially coimmunopurified with CBP80 rather than with eIF4E (Supplementary Figure S6D ), confirming the specificity of IPs. Thus, all our data indicate that UPF1 and STAU1 function as a negative and positive regulator, respectively, of the CBC replacement by eIF4E.
Because the translation driven by eIF4E is more efficient than that driven by the CBC (6,7) , the change in the replacement efficiency might be reflected in translation efficiency. In agreement with this notion, the relative level of cytoplasmic RLuc protein activity decreased by 37% or increased by 2.7-fold when N-HA-UPF1 or N-HA-STAU1 was tethered, respectively, without a significant influence on the relative levels of cytoplasmic RLuc mRNA ( Figure 5D ). 
The ability of STAU1 to promote the replacement of the CBC by eIF4E is inhibited via an interaction of STAU1 with UPF1
How do UPF1 and STAU1 exert the opposite actions on the replacement of the CBC by eIF4E? Considering that STAU1 is known to directly interact with UPF1 (19, 32) , the ability of STAU1 to promote the replacement may be attenuated by its direct interaction with UPF1. To test this possibility, we generated N-HA-STAU1-Mut ( Figure 5A ), which contained four point mutations--A375E, R376A, L472S, and S473E--and lost the UPF1-binding ability (32) . Disruption of the interaction between STAU1 and UPF1 by the mutation was confirmed by IPs under our conditions (Supplementary Figure S6E) .
Using N-HA-STAU1-WT and N-HA-STAU1-Mut, we conducted the same tethering experiments and measured the replacement efficiency. Reliable nuclear and cytoplasmic fractionation, comparable expression levels of effector proteins, and specificity of the IPs were all evidenced by Western blotting (Supplementary Figure S6F-H) . The relative amount of RLuc reporter mRNAs was not significantly influenced by effector protein expression before IPs ( Figure 5E ). On the other hand, tethered N-HA-STAU1-WT or N-HA-STAU1-Mut caused a 26% or 47% reduction in the amounts of co-IPed RLuc reporter mRNAs in the IPs of CBP80, respectively ( Figure 5F, compare lanes 3 and 5). Conversely, 2.2-fold or 4.8-fold more RLuc reporter mRNAs were enriched in the IPs of eIF4E when N-HA-STAU1-WT or N-HA-STAU1-Mut was tethered, respectively ( Figure 5F, compare lanes 4 and 6) . The preferential enrichment of the U1 snRNA in the IPs of CBP80 was not affected by effector protein expression ( Supplementary Figure S6I ). In addition, the increase in the replacement efficiency by tethered N-HA-STAU1-Mut was reflected in increased translation efficiency of RLuc reporter mRNAs ( Figure 5G ). All these data indicate that UPF1 inhibits the ability of STAU1 to promote the replacement of the CBC by eIF4E via its direct interaction with STAU1.
In our tethering experiments, the level of RLuc-5 -5BoxB mRNA, which was normalized to that of FLuc mRNA, was preferentially affected by tethered UPF1 or STAU1. Nonetheless, these observations do not mean that an mRNA lacking 5BoxB is insensitive to the expressed UPF1 or STAU1. In particular, our finding that UPF1 downregulation promotes an association between STAU1 and IMP␣-CBC-capped mRNA in an RNase A-resistant manner ( Figure 3) indicates that the replacement of the CBC by eIF4E is in part dependent on protein-protein interactions. In support of this notion, overexpression of N-HA-UPF1 or N-HA-STAU1 increased or decreased, respectively, the amount of co-IPed SL-5 intron mRNAs lacking 5BoxB in the IPs of CBP80 (Supplementary Figure For the immunopurification of FLAG-tagged proteins, the extracts of the cells transiently expressing either FLAG-GFP or IMP␤-FLAG were subjected to IPs with anti-FLAG antibody-conjugated agarose beads. The bead-bound FLAG-tagged proteins were eluted by means of 3 × FLAG peptides. For immunopurification of CBC-associated reporter mRNPs, the IPs of endogenous CBP80 were carried out in the extracts of either undepleted or STAU1-depleted cells transiently expressing SL-5 intron RLuc reporter mRNAs. (C) An in vitro replacement assay using reporter mRNPs immunopurified from the undepleted cells. The bead-bound mRNPs were mixed with either immunopurified FLAG-GFP or IMP␤-FLAG. After the reaction, the bead-bound mRNAs were analyzed by qRT-PCRs. n = 5; *, P < 0.05. (D) An in vitro replacement assay involving reporter mRNPs immunopurified from the STAU1-depleted cells. n = 5; # , not significant. S7A-F). Conversely, overexpression of N-HA-UPF1 or N-HA-STAU1 decreased or increased the level of eIF4Eassociated SL-5 intron mRNAs, respectively (Supplementary Figure S7A-F) . In addition, downregulation of UPF1 or STAU1 respectively decreased or increased the amounts of co-IPed endogenous ␤-actin and SMG7 mRNAs with a marginal effect on replication-dependent histone mRNA (HIST2H2AA3 mRNA; Supplementary Figure S7G -I), which forms a stable CBC-associated mRNP complex via direct interactions between CBP80 and CTIF and between CTIF and stem-loop-binding protein (42) . All these data suggest that the UPF1-or STAU1-modulated replacement of CBP80 by eIF4E is a general mechanism behind the regulation of gene expression. The effect of IR exposure on the interaction between UPF1 and STAU1. HEK293T cells transiently expressing FLAG-UPF1 were either untreated or exposed to IR. After cell fractionation, the cytoplasmic extracts were subjected to IPs using either nonspecific mouse IgG (mIgG) or the anti-FLAG antibody; n = 3. The intensities of the bands were quantitated and normalized to those of immunoprecipitated FLAG-UPF1. (B) The effect of IR exposure on the interaction between CBP80 and STAU1. As performed in panel A, except that the cytoplasmic extracts were subjected to IPs with the anti-CBP80 antibody. n = 3. (C-E) The effect of IR exposure on the replacement. HEK293T cells expressing an SL-5 intron mRNA were either untreated or exposed to IR. Then, the cytoplasmic extracts were subjected to IPs with the anti-CBP80 antibody, anti-eIF4E antibody, or nonspecific rIgG. After IPs, equal amounts of in vitro-synthesized FLuc RNAs were added to the immunoprecipitated samples as a spike-in. n = 3; *, P < 0.05. (C) Relative levels of co-IPed SL-5 intron mRNA. The levels of co-IPed SL-5 intron mRNA were normalized to those of FLuc RNAs. The normalized levels of co-IPed SL-5 intron mRNAs in the IPs of either CBP80 or eIF4E in untreated cells were arbitrarily set to 1.0. (D) Relative levels of co-IPed endogenous ␤-actin mRNAs. The levels of ␤-actin mRNAs were normalized to those of 18S rRNAs. (E) Relative levels of co-IPed endogenous SMG7 mRNAs. The levels of SMG7 mRNAs were normalized to those of 18S rRNAs.
UPF1 hyperphosphorylated during IR exposure strongly binds to STAU1 and consequently inhibits the replacement of the CBC by eIF4E
It is well known that (i) UPF1 more strongly interacts with STAU1 when UPF1 is hyperphosphorylated (36) , and (ii) IR triggers UPF1 hyperphosphorylation (46) . Therefore, we investigated whether IR exposure influences the interaction between UPF1 and STAU1 via UPF1 hyperphosphorylation and thereby the efficiency of the CBC replacement by eIF4E.
Under our experimental conditions, the activation of cellular signaling by IR exposure was evidenced by an increase in both the steady-state level and phosphorylation (at serine 15) of endogenous p53 (Supplementary Figure S8A ) (47, 48) . In addition, IR exposure increased UPF1 hyperphosphorylation by 2.2-fold and the association between UPF1 and STAU1 by 3.1-fold ( Figure 6A ). Furthermore, IR exposure caused an ∼70% reduction in the amount of co-IPed STAU1 in the IP of CBP80 ( Figure 6B ). Under the same conditions, exogenously expressed RLuc reporter mRNA, endogenous ␤-actin mRNA, and endogenous SMG7 mRNA, the levels of which did not significantly change during IR exposure (Supplementary Figure S8B-D) , were found to be more enriched (1.9-, 2.1-and 2.0-fold, Figure 7 . Inhibition of CBC replacement by eIF4E after IR exposure is reversed by STAU1 overexpression. (A-C) The effect of overexpressed STAU1-WT or STAU1-Mut on enrichment of mRNAs in CBP80 IPs. HEK293T cells transiently expressing an SL-5 intron RLuc reporter mRNA and overexpressing N-HA-GFP, N-HA-STAU1-WT or N-HA-STAU1-Mut were either untreated or exposed to IR. Next, the cytoplasmic extracts were subjected to IPs with the anti-CBP80 antibody. After that, the immunoprecipitated samples were spiked with equal amounts of in vitro-synthesized FLuc RNA. n = 3; *, P < 0.05; **, P < 0.01. (A) Relative levels of co-IPed reporter mRNAs. (B) Relative levels of co-IPed endogenous ␤-actin mRNAs. (C) Relative levels of co-IPed endogenous SMG7 mRNAs. (D-F) The effect of overexpressed STAU1-WT or STAU1-Mut on enrichment of mRNAs in eIF4E IPs. As performed in panels A-C, except that the cytoplasmic extracts were subjected to IPs with the anti-eIF4E antibody. respectively) in the IP of CBP80 and less enriched (52, 54 and 45%, respectively) in the IP of eIF4E during IR exposure ( Figure 6C-E) .
We next tested the effect of overexpressed STAU1-WT or STAU1-Mut on the replacement during IR exposure. All the tested co-IPed mRNAs (exogenously expressed RLuc reporter mRNA, endogenous ␤-actin mRNA and endogenous SMG7 mRNA) turned out to be significantly enriched in the IP of CBP80 in the cytoplasmic extracts of IR-treated cells compared with untreated cells ( Figure 7A -C and Supplementary Figure S9A -C). Of note, steady-state levels of the tested mRNAs before IPs did not significantly change after IR exposure ( Supplementary Figure S9D-F) . On the other hand, smaller amounts of co-IPed mRNAs were found to be enriched in the IP of eIF4E ( Figure 7D -F and Supplementary Figure S9G-J) . The observed results in each IP were almost completely reversed by overexpres-sion of either N-HA-STAU1-WT or N-HA-STAU1-Mut ( Figure 7A-F ).
Next, we tested whether the change in the replacement efficiency during IR exposure was reflected in the change in global translation efficiency. The latter was assessed by the SUnSET assay, a method allowing for monitoring of newly synthesized proteins by Western blotting with an anti-puromycin antibody. The data from the SUnSET assay (Supplementary Figure S10A) and RLuc reporter mR-NAs (Supplementary Figure S10B) revealed that the replacement efficiency correlated with global translation efficiency. In line with these data, global translation efficiency also diminished when the replacement was inhibited by STAU1 downregulation (Supplementary Figure S10C) . Collectively, all these findings prompted us to conclude that under the stressful conditions induced by IR exposure, UPF1 becomes hyperphosphorylated and more strongly associates with STAU1, thereby inhibiting the CBC replace- 
The apoptosis induced by IR exposure inversely correlates with the efficiency of the CBC replacement by eIF4E
Considering that IR exposure causes apoptosis (49, 50) , we investigated whether the observed inhibition of CBC replacement by eIF4E is accompanied by IR-induced apoptosis. Under our conditions, the population of apoptotic cells was increased from baseline to ∼35% by IR exposure ( Figure 8A-C) . The observed increase was reversed to 8 or 3% by overexpression of N-HA-STAU1-WT or N-HA-STAU1-Mut, respectively. In support of the inhibitory role of UPF1 in the CBC replacement by eIF4E, we clearly demonstrated that overexpressed N-HA-STAU1-Mut had a stronger effect than did overexpressed N-HA-STAU1-WT. Of note, the levels of endogenous SMD substrates (c-JUN mRNA, IL7R mRNA and SERPINE1 mRNAs) were not significantly changed by IR exposure and overexpression of STAU1 (Supplementary Figure S11) , ruling out the possibility that the reverse effects observed in Figures 6-8 may be due to a change in SMD efficiency.
The observed IR-induced apoptosis and inhibition of the CBC replacement by eIF4E were next corroborated by complementation experiments with the depletion of HeLa cells of UPF1 and with expression of an siRNA-resistant (R) WT, 4SA (hypophosphorylated), or HP (hyperphosphorylated) form of UPF1 (27, 28) . The hypophosphorylated UPF1-4SA contains four substitutions (S1073A, S1078A, S1096A and S1116A) of the amino acid residues previously confirmed to be phosphorylated by SMG1 (51, 52) . UPF1-HP is deficient in ATPase and helicase activities, consequently becoming hyperphosphorylated (51, 53, 54) . The results showed that the apoptosis induced by IR exposure was significantly reduced by UPF1 downregulation. Of note, expression of UPF1-WT or UPF1-HP, but not UPF1-4SA, reversed the observed reduction ( Figure 8D and E; Supplementary Figure S12 ). Together with the observation of IR-induced UPF1 hyperphosphorylation and thus an increased interaction between UPF1 and STAU1 ( Figure 6 ), these data indicate that UPF1 hyperphosphorylated during IR exposure is engaged in the inhibition of the CBC replacement, and therefore, in apoptosis.
DISCUSSION
It is generally thought that the CBC and eIF4E are largely in charge of mRNA surveillance and abundant protein synthesis, respectively. Because (i) CBC-bound mRNAs are precursors of eIF4E-bound mRNAs (13) and (ii) the efficiency of translation driven by the CBC is very weak relative to that driven by eIF4E (6,7), efficient and abundant protein synthesis should be preceded by proper replacement of the CBC by eIF4E. Although this is a crucial step for gene expression, not much is known about molecular details of this replacement. In this study, we provide molecular evidence that STAU1 and UPF1 serve as a positive and negative regulator of the replacement, respectively, where UPF1 inhibits the ability of STAU1 to promote the replacement via a direct interaction between UPF1 and STAU1. Such an interplay between STAU1 and UPF1 for the replacement is partially responsible for the apoptosis induced by IR exposure.
According to our findings, we propose the following model ( Figure 9 ). Newly synthesized mRNAs are exported from the nucleus to cytoplasm via the nuclear pore complex with their 5 -cap structure bound to the CBC. It is known that (i) both UPF1 and STAU1 are predominantly localized to the cytoplasm, but these proteins can shuttle between the nucleus and cytoplasm (18, (55) (56) (57) (58) ; (ii) UPF1 binds to mRNAs promiscuously even before translation (17) ; or, cotranscriptionally associates with nascent RNAs at most of the active transcription sites of Pol II (18) ; and (iii) STAU1 transiently associates with small and weak hairpin structures (59) (60) (61) . Therefore, the CBC-bound mRNPs being exported may contain STAU1 and UPF1 that have already associated with CBC-bound mRNPs in the nucleus. Alternatively, the cytosolic STAU1 and UPF1 may be recruited to CBC-bound mRNPs being exported. In this scenario, the local amounts of cytosolic STAU1 and UPF1 could be determined by the number of cis-acting elements for binding to STAU1 or UPF1 in CBC-bound mRNPs. Given that STAU1 and UPF1 are complexed with the CBC in a manner that is resistant to RNase A treatment (Figure 3 ), RNAindependent recruitment of free cytosolic STAU1 or UPF1 may also be possible too as an alternative. In either case, the relative ratio of local amounts of cytosolic STAU1 and UPF1 near CBC-bound mRNPs being exported may determine the efficiency of CBC replacement by eIF4E. When STAU1 is predominant, the STAU1-IMP␣-CBC-capped mRNA complex provides a favorable platform for the loading of IMP␤, which triggers mRNA dissociation from the complex. In an opposite case, predominant UPF1 attenuates the ability of STAU1 to promote the replacement, consequently delaying the replacement.
Hyperphosphorylated UPF1 more strongly binds to STAU1. As a consequence, the inhibitory effect of UPF1 on the replacement should be more drastic when UPF1 is hy-
